Sooty mangabeys naturally infected with simian immunodeficiency virus (SIV) remain healthy though they harbor viral loads comparable to those in rhesus macaques that progress to AIDS. To assess the immunologic basis of disease resistance in mangabeys, we compared the effect of SIV infection on T-cell regeneration in both monkey species. Measurement of the proliferation marker Ki-67 by flow cytometry showed that mangabeys harbored proliferating T cells at a level of 3 to 4% in peripheral blood irrespective of their infection status. In contrast, rhesus macaques demonstrated a naturally high fraction of proliferating T cells (7%) that increased two-to threefold following SIV infection. Ki-67 ؉ T cells were predominantly CD45RA ؊ , indicating increased proliferation of memory cells in macaques. Quantitation of an episomal DNA product of T-cell receptor ␣ rearrangement (termed ␣1 circle) showed that the concentration of recent thymic emigrants in blood decreased with age over a 2-log unit range in both monkey species, consistent with age-related thymic involution. SIV infection caused a limited decrease of ␣1 circle numbers in mangabeys as well as in macaques. Dilution of ␣1 circles by T-cell proliferation likely contributed to this decrease, since ␣1 circle numbers and Ki-67 ؉ fractions correlated negatively. These findings are compatible with immune exhaustion mediated by abnormal T-cell proliferation, rather than with early thymic failure, in SIV-infected macaques. Normal T-cell turnover in SIV-infected mangabeys provides an explanation for the long-term maintenance of a functional immune system in these hosts.
Simian immunodeficiency virus (SIV) infects a variety of Old
World monkeys and apes in Africa without causing disease in these species (24, 28, 36, 52, 60) . Phylogenetic evidence suggests that SIVsm, the virus isolated from naturally infected sooty mangabeys (Cercocebus atys), is the recent ancestor of two pathogenic lentiviruses that induce an immunodeficiency syndrome in their hosts, human immunodeficiency virus type 2 (HIV-2) and SIVmac (10, 26, 27, 37, 58) . Transmission experiments have confirmed that SIVsm causes a disease very similar to AIDS in inoculated macaques, with progressive depletion of circulating CD4 ϩ T lymphocytes and development of opportunistic infections (4, 22) . The comparative study of SIV infection in species susceptible and resistant to disease, such as macaques and mangabeys, has proven to be a valuable system to analyze pathogenic mechanisms of AIDS (9, 80 ). An unexpected finding has been that the level of viral persistence is not sufficient to account for disease progression. Members of our group and others have shown that naturally infected sooty mangabeys harbor high viral loads and sustain active viral replication without developing disease (10, 13, 22, 41, 66) . Viral loads of 10 5 to 10 7 SIV RNA copies per ml of plasma, which are commonly found in sooty mangabeys, are above the threshold values associated with disease progression in macaques (49, 76) and are associated with rapid progression to AIDS in humans (55) . Since the viral loads are similar in macaques and mangabeys, differences are likely to lie in the susceptibility of T cells to be functionally impaired or to be killed, either directly or indirectly, by the virus.
HIV-1 and SIV infections are known to perturb T-cell homeostasis in susceptible hosts. HIV-1-infected patients undergo a progressive depletion of all CD4 ϩ T-cell subsets and of naive CD8 ϩ T cells in the periphery (68) . The propensity of T lymphocytes to die, as evidenced by spontaneous apoptosis, is increased in HIV-1-infected patients and in SIV-infected macaques (2, 18, 31, 56) . Several lines of evidence suggest that increased T-cell death triggers a compensatory mechanism that accelerates T-cell proliferation. Measurements of virus and T-lymphocyte dynamics during antiretroviral therapy have revealed a massive production of HIV particles that is paralleled by a rapid turnover of CD4 ϩ T lymphocytes (38, 64, 83) . The respective roles of T-cell production and T-cell redistribution on CD4 ϩ T-cell recovery after therapy have been debated (30, 62, 82, 84) . Most, but not all (20) , studies of T-cell turnover during the chronic stage of infection indicate that HIV and SIV infections accelerate the peripheral T-cell regeneration process (35, 57, 69, 70, 88) . The fraction of proliferating T lymphocytes, as measured by the percentage of cells expressing the marker Ki-67, is increased in both CD4
ϩ and CD8 ϩ subsets by HIV infection (70, 88) . Analysis of newly synthesized DNA in HIV-positive individuals infused with 2 H-glucose shows an increase in the T-cell replacement rate, which translates into an absolute increase in the production of CD8 ϩ T cells but not CD4 ϩ T cells (35) . The kinetics of bromodeoxyuridine (BrdU) incorporation in macaques demonstrates that SIV infection accelerates both the renewal rate and the death rate of all lymphocyte subsets (57, 69) . An "open tapopen drain" model of HIV pathogenesis has been proposed to describe the dynamic equilibrium between a high level of proliferation and a high level of destruction of T cells (38) . In this view, homeostatic mechanisms that drive T-cell proliferation progressively fail to compensate for an increasingly high level of T-cell death, which ultimately leads to exhaustion of the regenerative capacity of the immune system.
A complementary mechanism by which HIV and SIV may impair T-cell regeneration is thymic damage. The thymic architecture is disrupted in AIDS patients (33, 54) and in most SIV-infected macaques (3, 85) . Alteration of thymopoiesis would limit the production of naive T lymphocytes, which is consistent with the preferential depletion of these cells in HIVinfected patients (68) . Thymocytes can be infected with both HIV and SIV in vitro and are depleted by HIV infection in severe combined immunodeficiency mice implanted with human fetal thymus (7, 40, 73) . The percentage of CD34 ϩ thymic progenitors was found to drop during primary SIVmac infection and to rebound after the peak of viremia, suggesting transient suppression of thymic function during intense viral replication (85) . Using a PCR-based technique to detect DNA circles generated by T-cell receptor (TCR) rearrangement, Douek et al. showed that the number of recent thymic emigrants (RTE) in blood was decreased in HIV-infected patients and could be restored upon antiviral therapy (16) . Our recent analysis of a large cohort of patients showed that RTE numbers were reduced in a subset of but certainly not in all HIVinfected adults, while they were reduced in nearly all HIVinfected children (87) . Since cases of normal or slow disease progression in thymectomized adults infected with HIV have been reported (32) , the extent to which thymus dysfunction contributes to the development of AIDS in adults remains unclear. Thymic output naturally decreases with age and drops sharply after early adulthood (42, 54, 72) . Several studies suggest that the T-cell pool in adults is maintained predominantly by the proliferation of mature T-cells in the periphery rather than by the differentiation of thymic progenitors (51, 82) . However, the adult thymus retains the capacity to generate fully functional T cells (39) . Thymopoiesis is critical to the restoration of normal T-cell numbers after profound T-cell depletion, as is seen following bone marrow transplantion (51) . Thus, HIV-induced thymic damage may impair T-cell regeneration in adult patients with severely depleted numbers of T cells.
The resistance of mangabeys to the pathogenic effects of SIV may be the consequence of a particularly high regenerative capacity of their immune system, which would be able to sustain a high lymphocyte turnover for years without functional impairment. A sufficient supply of lymphocytes could be obtained either through high thymic output or through rapid proliferation in the periphery. Alternatively, the resistance of mangabeys may result from a limited killing of infected cells or of bystander cells by the virus, which would translate into normal T-cell regeneration and a low turnover of lymphocytes. To distinguish between these possibilities, we evaluated the fraction of proliferating T lymphocytes and the numbers of RTE in the blood of SIV-infected and uninfected sooty mangabeys and compared these values to those found for rhesus macaques. Proliferating cells were identified by the expression of the Ki-67 marker, which is a nuclear antigen of short halflife expressed during the G 1 , S, G 2 , and M phases of the cell cycle, but not during G 0 (8, 29, 71) . Ki-67 is detected specifically in proliferating cells and is a widely used clinical marker for tumorigenesis (17) . The number of RTE was assessed by measuring the concentration of DNA episomes produced during TCR rearrangement in peripheral T cells (21) . These episomes, termed TCR excisional circles (TREC), are stable and do not replicate during mitosis (50) . Since TREC are diluted with each cell division, they can serve as markers of RTE, which are defined as T cells that have undergone no more than a few cellular divisions since leaving the site of TCR rearrangement (42, 43) . We detected the by-product of a predominant TCR rearrangement which occurs in about 70% of all human ␣␤ T cells and which corresponds to the deletion of the ␦ locus embedded within the ␣ locus (15, 79) . The resulting episome, termed ␣1 circle, was quantified using a real-time PCR assay with a molecular beacon detection system (44, 45, 78) .
This study demonstrates that sooty mangabeys maintain a normal T-cell turnover despite active SIV infection. In contrast, SIV infection accelerates peripheral T-cell proliferation in rhesus macaques. The concentration of ␣1 circles did not differ markedly between the two species. These findings emphasize the role of increased T-cell turnover, as opposed to blocked thymic production, in the mechanisms of AIDS pathogenesis.
MATERIALS AND METHODS
Animals. Blood samples were obtained from SIVsm-positive sooty mangabeys (Cercocebus atys) housed at the Yerkes and the Tulane Regional Primate Research Centers. The majority of mangabeys from the Yerkes breeding colony acquire SIVsm infection when they become older juveniles or young adults (2 to 5 years old), probably via sexual transmission (23) . The SIV-infected sooty mangabeys included in our study, which were between 4 and 23 years old, had probably been infected for most of their adult lives. However, none of these animals showed signs of SIV-induced disease. The colony of sooty mangabeys at Tulane was originally derived from the Yerkes colony. Mangabeys from both centers harbor closely related SIVsm viral strains, as indicated by the phylogenetic proximity of the Yerkes isolates SIVsmm9 and SIVsmmPBj14 to the Tulane isolates SIVsmB670 and SIVsmH4 (1, 10, 12, 37) . Control blood samples were obtained from distinct groups of SIV-negative sooty mangabeys that were tested regularly for lack of serologic reactivity to SIV antigens. The absence of detectable SIV infection was confirmed by nested PCR (66) . Two mangabeys that were found to be PCR positive and antibody negative were excluded from the study. Rhesus macaque (Macaca mulatta) blood samples were obtained from the Tulane primate center. SIV-positive macaques were infected with one of the following pathogenic viruses: SIVmac239, SIVmac251 (11), or SIVsmB670 (1). The macaques had been inoculated with SIV between 3 months and 3 years prior to blood sampling and were regularly monitored for viral load and the number of CD4 ϩ T cells. The disease course was comparable for the three viral strains used. The protocols used in this study were reviewed and approved by Institutional Animal Care and Use Committees of both institutions.
Plasma viral RNA. The concentration of SIV RNA in plasma was measured at Chiron Corporation (Emeryville, Calif.) by the branched DNA (bDNA) signal amplification assay (61) . The target probes used in the bDNA assay were designed to hybridize with the pol region of SIVmac251 (14) . It has been demonstrated that the SIV bDNA assay can equivalently quantify SIVmac and SIVsm strains (SIVmac32H and SIVsmPBj14-6.6, respectively) (J. Booth, P. J. Dailey, C. Wingfield, L. Sawyer, and P. Sheridan, Abstr. 16th Annu. Symp. Nonhum. Primate Models AIDS, abstr. 113, 1998; and P. J. Dailey, personal communication). SIV RNA associated with viral particles was measured in material pelleted from 1 ml of plasma collected on EDTA. The lower limit of detection was 1,500 SIV RNA copy equivalents per ml.
CFSE staining. Peripheral blood mononuclear cells (PBMC) were washed twice in phosphate-buffered saline and resuspended in 1 ml of a 10 M solution of 5(6)-carboxyfluorescein diacetate-succinimidyl ester (CFSE) that was made extemporaneously from a concentrated stock in dimethyl sulfoxide. Cells were incubated in the dark for 8 min at room temperature (RT), as described by Bird et al. (6) . The labeling reaction was stopped by the addition of an equal volume of fetal calf serum (FCS), and the mixture was washed three times in RPMI medium with 10% FCS. The PBMC were resuspended in RPMI-FCS at a concentration of 3 ϫ 10 6 PBMC/ml. Stimulated cultures were supplemented with interleukin 2 (20 U/ml) and concanavalin A (10 g/ml). Stimulated and unstimulated cells were analyzed by flow cytometry 3 days after labeling.
Immunophenotyping. CD4 ϩ and CD8 ϩ T-cell numbers were evaluated by flow cytometry with the following fluorochrome-labeled monoclonal antibodies: antirhesus monkey CD3-fluorescein isothiocyanate (FITC) (clone FN18; Biosource International, Camarillo, Calif.), anti-human CD4-phycoerythrin (PE) (clone OKT4; Ortho Diagnostic Systems, Raritan, N.J.), and anti-human CD8-peridinin chlorophyll protein (PerCP) (clone Leu2a; Becton Dickinson Immunocytometry Systems [BDIS], San Jose, Calif.). Antibodies were added to 50 l of whole blood collected on EDTA and incubated for 15 min at RT, after which erythrocytes were lysed by the addition of 450 l of fluorescence-activated cell sorter lysis solution (BDIS). The numbers of CD4 ϩ and CD8 ϩ T cells per microliter of blood were determined relative to a standard count of fluorescent beads used for calibration. To determine CD45RA subsets, four-color flow cytometry was per-formed with the following combination of antibodies: CD3-FITC, CD4-allophycocyanin (APC) (Exalpha, Boston, Ma.), CD8-PerCP, and CD45RA-PE (clone 2H4; Coulter, Miami, Fla.). The blood samples were incubated for 15 min with the antibody cocktail, lysed as described above, washed once in PBA buffer (phosphate-buffered saline-1% bovine serum albumin-10 mM NaN 3 ), and resuspended in PBA with 1% paraformaldehyde (PBA-PF). Anti-human-CD45RO antibodies could not be used since they lack cross-reactivity with monkey antigens. Two additional CD45RA antibodies, Leu18 (BDIS) and MEM-56 (Caltag Laboratories, Burlingame, Calif.), were used to verify that the difference between macaque and mangabey CD45RA subsets was not associated with a particular antibody clone.
Intracellular Ki-67 staining. For intracellular staining, 100 l of whole blood was incubated with the antibodies to surface antigens CD3-PE (clone SP34; Pharmingen), CD4-APC, and CD8-PerCP for 15 min, after which they were fixed and permeabilized for 40 min at RT with 2 ml of the Permeafix reagent (Ortho Diagnostic Systems). The samples were washed once in PBA with 0.05% saponin (PBA-Sap), incubated at RT for 10 min to allow the completion of erythrocyte lysis, and washed a second time in PBA-Sap. The samples were then incubated for 30 min with the Ki-67-FITC antibody (clone MIB-1; Coulter), washed twice in PBA-Sap, and suspended in PBA-PF. To combine Ki-67 and CD45RA staining, blood samples were incubated with the antibodies to CD3-biotin (clone FN18; Biosource International), CD45RA-PE (clone 2H4; Coulter), and either CD4-APC or CD8-APC (Exalpha). After fixation with Permeafix and two washes in PBA-Sap, the samples were incubated with the Ki-67-FITC antibody and the secondary reagent streptavidine-PerCP, washed two more times, and suspended in PBA-PF. To detect Ki-67 expression in cells labeled with the dye CFSE, which is a derivative of fluorescein, we used a Ki-67 antibody conjugated to PE (clone R0840; DAKO, Carpinteria, Calif.).
Flow cytometry. All analyses were performed with a FACScalibur flow cytometer with the Cellquest software (BDIS). The lymphocyte gate was defined with forward and side scatter parameters that were chosen to be large enough so that lymphocyte blasts were included in the analysis. For intracellular staining, an isotypic control incubated with a mouse immunoglobulin G1 (IgG1)-FITC antibody instead of Ki-67-FITC was processed in parallel for each sample and was used to set the gate for Ki-67 ϩ cells. Cloning and sequencing of ␣1 circle signal joints from monkeys. Genomic DNA was extracted from mangabey and macaque PBMC with the DNA/RNA isolation kit (Amersham Life Science, Cleveland, Ohio) according to the manufacturer's instructions. The signal joint region from monkey ␣1 circles was amplified with primers derived from human sequences, with standard PCR conditions (66) . Primers DREC-A (5Ј-CAG AGT GTG TTT TCG GCC GTG ATT CG-3Ј) and PJ-A (5Ј-ACA CTC TGC TCT CTC CTA TCT CTG C-3Ј) were used for the first round of amplification. The product was reamplified using heminested PCR with primers DREC-A and PJ-B (5Ј-CTG TCA ACA AAG GTG ATG CCA CAT CC-3Ј) or DREC-B (5Ј-GGA TGG AAA ACA CAG TGT GAC ATG G-3Ј) and PJ-A, which yielded fragments of 273 and 305 bp, respectively. The products were cloned in the TA vector pGEM-T Easy (Promega, Madison, Wis.) and sequenced in both orientations with an automated 373A sequencer (PE Applied Biosystems, Foster City, Calif.).
␣1 circle quantitation. To detect ␣1 circles, a molecular beacon was used in combination with real-time PCR, as previously described (44, 45, 78, 87) . Each 50-l reaction contained 5 l of genomic DNA, and the final concentration of each component was as follows: 1ϫ Taqman buffer A (Perkin-Elmer, Norwalk, Conn.), 3.5 mM MgCl 2 , 0.4 pmol of molecular beacon per l, 0.4 pmol of each primer per l, and 1.25 U of AmpliTaq Gold DNA polymerase (Perkin-Elmer). The primers were designed to hybridize to sequences conserved in both rhesus macaques and sooty mangabeys. The primers used, DREC-D (sense, 5Ј-CAG TGT GAC ATG GAG GGC TGA A-3Ј) and PJ-D (antisense, 5Ј-GTG TCT CTG TCA ACA AAG TTG ATG CC-3Ј), amplified a 206-bp product. The molecular beacon was designed to recognize a region upstream from the signal joint, as described in the assay for human ␣1 circles (87) . The sequence of the beacon was 5Ј-CGG C(GT CTG CTC TTC ATT CAC CAT TCT CAC G)CC G-3Ј, the region complementary to the target recognition sequence being indicated in parentheses. A fluorophore (FAM [6-carboxyfluorescein] ) was attached to the 5Ј arm of the beacon, and a quencher (DABCYL [4-dimethylaminophenylazobenzoic acid]) was attached to the 3Ј arm. One cycle of denaturation (95°C for 10 min) was performed, followed by 45 cycles of amplification (94°C for 30 s, 60°C for 30 s, and 72°C for 30 s). PCR was carried out in a spectrofluorometric thermal cycler (ABI PRISM 7700; PE Applied Biosystems) that monitors changes in the fluorescence spectrum of each reaction tube during the annealing phase while simultaneously carrying out programmed temperature cycles. For each run, a standard curve was generated from serial dilutions of purified PCRgenerated product. The input copy number ranged from 10 6 to 10 1 copies. Copy numbers were calculated by interpolation of the experimentally determined threshold cycle as previously described (34, 47, 75) . To normalize for cell equivalents in the input DNA, we used a separate real-time PCR with a molecular beacon assay to quantify the CCR5 coding sequence, since it is known that this gene is present at only 2 copies per cell; i.e., no pseudogenes are present (45) .
Statistical analysis. Statistical analysis was performed with the Prism version 2.0 software (GraphPad Software Inc.). The results were expressed as the mean Ϯ 1 standard error of the mean. Statistical significance between SIVinfected and uninfected monkey groups was analyzed with the nonparametric Mann-Whitney U test. Significant linear correlations were analyzed with the Spearman test.
Nucleotide sequence accession numbers. The nucleotide sequences of ␣-circle signal joints for seven mangabey clones and six macaque clones have been deposited in GenBank. The sequence data are available under accession no. AF148469 to AF148481.
RESULTS

Sooty mangabeys harbor a high viral load but exhibit a limited depletion of CD4
؉ T lymphocytes. We compared immunologic and virologic parameters in sooty mangabeys naturally infected with SIVsm to those in rhesus macaques infected with pathogenic SIVmac isolates. SIV infection in mangabeys had a moderate, but significant, effect on the number of circulating CD4
ϩ T lymphocytes, with a mean count of 1,051 CD4 ϩ T cells/mm 3 in SIV-infected animals (n ϭ 19) versus 1,618 CD4 ϩ T cells/mm 3 in uninfected animals (n ϭ 20) ( Table 1 ). The decrease in circulating CD4 ϩ T lymphocytes was less marked than in SIV-infected macaques (n ϭ 21), which harbored a mean count of 518 CD4
ϩ T cells/mm 3 compared with 1,220 CD4 ϩ T cells/mm 3 in uninfected macaques (n ϭ 17). The 
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mean number of CD8 ϩ T lymphocytes was not significantly increased by SIV infection in either species ( Table 1) .
The number of viral RNA copies in plasma was measured by the bDNA technique, which has been shown to quantify SIVmac and SIVsm viral strains with equivalent sensitivity (J. Booth et al., Abstr. 16th Annu. Symp. Nonhum. Primate Models AIDS; and P. J. Dailey, personal communication). The viral load in plasma was found to be comparable for mangabeys and for macaques, with values ranging from 10 4 to 10 7 viral RNA copies/ml (Fig. 1) . These data indicated that SIV could induce as high a viral load in its natural host as in a species susceptible to the development of AIDS. The viral load correlated inversely with the concentration of circulating CD4 ϩ T lymphocytes in infected macaques (P ϭ 0.004), which was consistent with a progressive depletion of CD4 ϩ target cells in susceptible species. Interestingly, the viral load correlated positively with the CD4 ϩ T-cell concentration in mangabeys (P ϭ 0.02). The fact that mangabeys with a viral load ranging from 10 6 to 10 7 viral RNA copies/ml had more than 1,000 CD4 ϩ T cells/mm 3 highlighted fundamental differences in SIV-induced physiopathologic changes depending on host species. Ki-67 is expressed specifically in proliferating monkey cells. To evaluate the effect of SIV infection on T-cell turnover, we measured the expression of the proliferation marker Ki-67 in monkey T lymphocytes using four-color flow cytometry. The Ki-67 gene from rhesus macaques, which has been partially sequenced, shares 90% amino acid identity with its human homolog (71) . Antibody cross-reactivity is ensured since the repeated motif recognized by the MIB-1 antibody is conserved in the macaque Ki-67 gene. We first performed in vitro experiments to verify that Ki-67 was a valid proliferation marker for both rhesus macaque and sooty mangabey T lymphocytes. In mangabey PBMC cultivated for 3 days in the absence of stimuli, less than 2% of the CD3 ϩ CD4 ϩ lymphocytes expressed Ki-67, as measured by flow cytometry. When the PBMC were stimulated with the mitogen concanavalin A and cultured in the presence of interleukin 2, 57% of the CD3 ϩ CD4 ϩ cells became Ki-67 ϩ . Similar percentages were observed in CD3 ϩ
CD8
ϩ cells (unstimulated, 2% Ki-67 ϩ ; stimulated, 56% Ki-67 ϩ ). The marker Ki-67 was induced in a similar manner in stimulated macaque PBMC (from 1 to 2% to 60 to 62%).
To verify that Ki-67 was specifically expressed in actively proliferating cells, we performed a cytofluorometric analysis on cells that had been labeled with CFSE, a dye that allows tracking of successive generations of dividing cells (6) . Monkey PBMC were initially labeled with CFSE, a fluorescein derivative that reacts with amino groups as it enters the intracellular environment. The amount of dye per cell decreased at each cell division, so that each new generation could be distinguished by a decrease in fluorescence intensity in the FL1 channel. As shown in Fig. 2 , Ki-67 was preferentially expressed in cells that had divided after 3 days in culture, the fraction of Ki-67 ϩ cells being progressively higher in cells that had undergone more divisions. For instance, mangabey CD4 ϩ T cells that had divided 0, 1, 2, and 3 times had Ki-67 ϩ fractions of 23, 50, 72, and 87%, respectively. Unstimulated cells, which did not divide during the 3-day culture, remained Ki-67 Ϫ . This experiment showed that the Ki-67 staining detected specifically actively dividing cells in both mangabey and macaque PBMC.
Lymphocyte turnover is increased by pathogenic SIV infection, not by natural SIV infection. We next measured the Ki-67 ϩ fraction in PBMC obtained from mangabeys and macaques. The Ki-67 labeling was performed on whole-blood samples to minimize the possible loss of more fragile activated cells. The mean percentage of Ki-67 ϩ cells in CD4 ϩ T lymphocytes was 3.5% in uninfected mangabeys and 4.2% in SIVinfected mangabeys ( Fig. 3 ; difference not statistically significant). Isotype-matched controls processed in parallel for each sample yielded readings below 1% in all cases. Uninfected macaques had an intrinsically high Ki-67 ϩ fraction in CD4 ϩ T cells (7.0%), which was significantly increased in SIV-infected animals (12.0%, P Ͻ 0.001). Thus, SIV infection did not change the level of CD4 ϩ lymphocyte proliferation in mangabeys, while it led to an enhanced turnover in macaques. A similar pattern was observed in CD8 ϩ T lymphocytes, with mean levels of 3 to 4% of Ki-67 ϩ cells in mangabey PBMC independently of the infection status, 7.8% in control macaques, and 19.0% in SIV-infected macaques (P ϭ 0.001). Two of the infected macaques had more than half of their peripheral CD8 ϩ cells expressing Ki-67, which indicated that SIV infection could induce states of intense lymphocyte proliferation in a susceptible species.
The absolute number of proliferating T cells was calculated by multiplying the Ki 
ϩ T lymphocytes per microliter of blood. The number of proliferating CD4
ϩ cells was not changed by SIV infection in mangabeys but was significantly decreased in macaques (Table  1) . Thus, while the fraction of proliferating cells was increased in macaques, this did not translate into an actual increase in the number of proliferating CD4 ϩ T cells, due to the already low CD4
ϩ T-cell numbers. This dichotomy was not observed for CD8 ϩ T cells. In macaques, the increase in the proliferating fraction resulted in more than a doubling of the number of proliferating CD8 ϩ T cells (from 69 to 167 Ki-67 ϩ cells/mm 3 , P ϭ 0.01). Interestingly, SIV infection also caused an increase in the number of proliferating CD8 ϩ T cells in mangabeys (from 57 to 92 Ki-67 ϩ cells/mm 3 , P ϭ 0.02). Though the increase of the proliferating fraction was minimal in mangabeys, SIV infection still had a detectable impact on CD8 ϩ lymphocyte numbers and thus could not be considered immunologically silent.
Positive correlation between proliferation in the CD4 ؉ and the CD8 ؉ T-cell subsets. A strong correlation was observed between the Ki-67 ϩ fractions within CD4 ϩ T cells and CD8 
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subsets. However, the slope of the regression line was 2.1, which indicated that proliferation levels were consistently higher in the CD8 ϩ subset than in the CD4 ϩ subset. Uninfected macaques had equivalent Ki-67 ϩ fractions in both Tlymphocyte subsets, the slope of the regression line being 1.1 (P ϭ 0.0002). Although the overall proliferation levels were lower in mangabeys, a positive correlation was still observed between the CD4 ϩ Ki-67 ϩ and CD8 ϩ Ki-67 ϩ fractions in infected animals (P ϭ 0.0001). The slope was 0.6, indicating that proliferation in the CD8 ϩ subset was limited. No significant correlation was observed in uninfected mangabeys. Thus, a proportionally higher fraction of proliferating cells in CD8 ϩ T lymphocytes was characteristic of pathogenic SIV infection.
SIV infection specifically increases the turnover of memory cells in macaques. The CD45RA marker is expressed by naive T lymphocytes. It is down-regulated from the surface of memory lymphocytes and can be reexpressed in a fraction of the memory population (5). We did not observe a major effect of SIV infection on CD45RA expression in T lymphocytes of either monkey species (Table 1 ). The differences observed were intrinsic to the species tested, as uninfected macaques harbored a higher fraction of CD45RA ϩ T cells (52 and 74% in CD4 ϩ and CD8 ϩ subsets) than did mangabeys (23 and 50%). Similar percentages were obtained with three distinct CD45RA antibodies (data not shown), making it unlikely that epitope differences accounted for the observed phenotype.
CD45RA and Ki-67 detection were combined using a twostep labeling protocol on whole-blood samples. Analysis of the Ki-67 ϩ fractions revealed that proliferating T cells belonged predominantly to the CD45RA Ϫ subset and thus were of the memory phenotype (Fig. 5 ). The differences in the Ki-67 ϩ fractions between the CD45RA ϩ and CD45RA Ϫ subsets were highly significant in infected macaques (P was Ͻ 0.0001 for both CD4 ϩ and CD8 ϩ T cells; Fig. 5B ). Significant differences were also observed in uninfected macaques, which confirmed that proliferation is characteristic of memory lymphocytes in normal physiological conditions. The trend of higher Ki-67 fractions in the CD45RA Ϫ subset was observed for mangabeys, though the overall proliferation levels were lower. SIV infection caused a doubling of the proliferating fraction within the CD45RA Ϫ T-cell subset in macaques (mean Ki-67 values within CD4
ϩ RA Ϫ T cells were 13% in SIV-negative animals and 26% in SIV-positive animals) (Fig. 5B) . No increase was detected in mangabeys (mean Ki-67 values within CD4 ϩ RA Ϫ T cells were 4.5% in SIV-negative animals and 3.5% in SIVpositive animals). These results emphasized the different effects of SIV infection in the two species.
Relation between Ki-67 expression and CD4 T-cell count. A negative correlation was observed between the fraction of proliferating CD4
ϩ T cells and the CD4 ϩ T-cell number in macaques (P ϭ 0.047) (Fig. 6) , suggesting that homeostatic mechanisms were activated to compensate for CD4 ϩ T-cell loss. The fraction of proliferating CD8 ϩ T cells did not correlate with the absolute count of CD8 ϩ T cells (data not shown) but was inversely correlated to the CD4 ϩ T-cell count in macaques (P ϭ 0.001). These findings indicated that the depletion of CD4 ϩ T cells in macaques was associated with a general activation of T-cell proliferation. Although the proliferation levels were lower in mangabeys, an inverse correlation could still be distinguished between the fraction of proliferating CD4 ϩ T cells and the CD4 ϩ T-cell count (P ϭ 0.031). This suggested that homeostatic mechanisms that regulate CD4 ϩ T-cell numbers were active in both species. The downslope of the regression line was higher in macaques than in mangabeys (2.8 ϫ 10 Ϫ3 versus 7.8 ϫ 10
Ϫ4
). The ratio of the slopes was 3.5, indicating that for a given CD4 ϩ T-cell decrease, the increase in proliferating CD4 ϩ T cells would be 3.5 times higher in macaques than in mangabeys. This finding highlighted the more active CD4 ϩ T-cell regeneration process in the species susceptible to SIV-induced disease.
Age-dependent decline of ␣1 circle numbers in macaques and mangabeys. To determine whether thymic function differed in the two monkey species, we evaluated the number of RTE as measured by the concentration of ␣1 circles. These 89-kb episomes are by-products of the ␦Rec-⌿J␣ rearrangement, which occurs in a majority of human ␣␤ T cells (79) . ␣1 circles can be specifically detected by using PCR to amplify a fragment spanning the signal joint generated by the ␦Rec-⌿J␣ rearrangement (16, 87) . To adapt the technique for use with monkey DNA, we sequenced a 333-bp fragment encompassing the amplified ␣1 circle region in four sooty mangabeys and two rhesus macaques. The fragment contained the appropriate motifs for recombination signal sequences (21, 50, 79) and shared 94% (mangabeys) to 95% (macaques) nucleotide identity with the homologous human sequence (see Material and Methods for database accession numbers). A feature characteristic of both monkey species was the presence of small nucleotide insertions and deletions at the signal joint site. This property may be specific to monkeys, since the signal joint is precise in humans and mice (48) . Two primers and a probe (the molecular beacon) were designed in regions conserved between mangabeys and macaques to amplify a 206-bp DNA fragment. Quantification of ␣1 circles in PBMC DNA was achieved by real-time detection of the fluorescence emitted by the molecular beacon. This detection system, which allows quantitation of PCR products over a wide dynamic range, has been described in detail elsewhere (45, 87) . The specificity of the assay was evaluated by testing monkey tissues of various origins. ␣1 circles were detected at high levels in the thymus, lymph nodes, and PBMC of macaques and mangabeys (up to 10 6 copies/10 6 cells) but were undetectable in immortalized cell lines of monkey origin (Ͻ10 2 copies/10 6 cells). The number of ␣1 circles in PBMC was assessed in a total of 145 animals divided into four groups as follows: SIV-negative mangabeys (n ϭ 33), SIV-positive mangabeys (n ϭ 42), SIVnegative macaques (n ϭ 32), and SIV-positive macaques (n ϭ 38). The animals tested were aged between 4 and 23 years; i.e., they ranged from early adulthood to old age. As shown in Fig.  7 , the ␣1 circle concentration decreased with age in the four groups tested (P ϭ 0.03 to P Ͻ 0.0001). The progressive loss of RTE in monkeys was consistent with the notion of age-dependent thymic involution (16, 54, 74) . The decrease spanned a 2-log unit range, from approximately 10 5 to 10 3 ␣1 circles/10 6 PBMC, which was very similar to the values observed for humans (87) . The age-related ␣1 circle decrease occurred within a shorter time scale in monkeys than in humans, with downslopes of approximately 0.1/year in monkeys, as compared to 0.03/year in humans. However, these rates could be considered equivalent if one took into account the relative life spans of monkeys and humans. The decrease in ␣1 circles was comparable in uninfected mangabeys and in uninfected macaques, with downslopes of 0.11 and 0.10/year, respectively. Thus, the levels of RTE did not appear naturally elevated in mangabeys. 
Impact of SIV infection on
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bers ( Fig. 7C and D) . The ␣1 circle values tended to be lower in infected animals of both species, though it should be noted that the normal variation of ␣1 circles numbers for monkeys of a given age was large (1 to 2 log units). Comparison between species revealed that SIV-positive mangabeys had equivalent or slightly lower ␣1 circle numbers than SIV-positive macaques, with downslopes of 0.13 and 0.08/year, respectively. This observation suggested that an SIV-induced decrease of ␣1 To further analyze the effect of SIV infection, we performed a longitudinal analysis of ␣1 circles in six rhesus macaques that had been inoculated intravaginally with SIVmac251 (53). Three of the animals showed a decrease of about 1 log unit in ␣1 circle numbers at 1 year postinfection (Fig. 8) . The other three animals maintained constant ␣1 circle levels over a 1-to 2-year period. Neither the plasma viral load nor the percentage of CD4 ϩ T cells correlated with the ␣1 circle number measured at 1 year postinfection (data not shown). The finding that SIV infection decreased ␣1 circle numbers in only a subset of rhesus macaques was consistent with findings in HIV-1-infected humans (87) .
Since ␣1 circles were quantified per million PBMC but were generated only in the T-cell population, ␣1 circle numbers were dependent on the fraction of T cells within PBMC. The percentage of CD3 ϩ T cells was equivalent in uninfected mangabeys and macaques (Table 1) . This percentage remained unchanged in SIV-positive mangabeys but decreased from 64 to 48% in SIV-positive macaques. To verify whether SIV infection had an impact on ␣1 circles within the T-cell population, ␣1 circles were expressed per million CD3 ϩ T cells for the subset of macaques for which flow cytometry data were available (Fig. 9) . The regression line was slightly lower for infected animals, which confirmed that SIV infection caused a limited but detectable decrease of ␣1 circles within T cells.
Relation between ␣1 circle numbers and proliferation rates. The concentration of ␣1 circles within PBMC depends not only on thymic output but also on the extent of peripheral proliferation, which leads to the dilution of circles in expanded T-cell populations. In addition, ␣1 circles may be lost due to the death of T cells. We investigated the relation between ␣1 circle concentration and peripheral T-cell proliferation as measured by Ki-67 fractions. Figure 10 shows that the number of ␣1 circles correlated inversely with the Ki-67 ϩ percentage within CD3 ϩ T cells in mangabeys and macaques (P ϭ 0.01 and P ϭ 0.03, respectively). These results suggested that dilution by proliferation had a significant impact on ␣1 circle numbers. It followed that the decreased ␣1 circle numbers observed in SIV-positive animals could be accounted for, at least in part, by increased peripheral expansion of T cells. 
CD8
ϩ T cells and the CD4 ϩ T cell count is observed in macaques (D) but not in mangabeys (C). Open squares, uninfected animals; solid squares, SIV-infected animals. The slope (s), the correlation coefficient (r), and the P value (p) associated with the regression lines are indicated.
DISCUSSION
This study identified characteristic properties of SIV infection in a natural host. Infected sooty mangabeys were healthy, harbored a high viral load, had a slightly lower peripheral CD4 ϩ T-cell count than uninfected controls, and showed a limited decrease of ␣1 circles in peripheral T cells. SIV did not increase the T-cell turnover in its natural host, since mangabeys harbored 3 to 4% Ki-67 ϩ T cells in the periphery irrespective of their infection status. It was striking that the plasma viral load in mangabeys spanned the same range as that in rhesus macaques (10 4 to 10 7 viral RNA copies/ml) while the impact of SIV infection on the immune system differed markedly for the two species. Macaques, which progressed to AIDS, exhibited a severe depletion of CD4 ϩ T cells and high T-cell proliferation levels (12% in CD4 ϩ T cells, 19% in CD8 ϩ T cells) that were increased two-to threefold compared to the levels for uninfected animals. SIV infection induced a moderate decrease of ␣1 circle numbers in macaques, which reflected either thymic impairment or, more likely, loss of RTE through rapid proliferation. Thus, the key factor that distinguished the two monkey species was the extent of peripheral T-cell proliferation induced upon infection. SIV did not perturb the T-cell turnover in mangabeys, which could explain the long-term persistence of a functional immune system in these hosts.
It cannot be said that SIV infection in mangabeys is silent. The reduced CD4
ϩ T-cell numbers in these animals may result from a cytopathic effect of the virus or from a homing of activated CD4
ϩ T cells within lymphoid organs. SIV infection also induces a limited increase in the absolute number of 
proliferating CD8
ϩ T cells in mangabeys, which may indicate an ongoing antiviral immune response. Infected mangabeys do seroconvert and have the capacity to mount a cytotoxic Tlymphocyte response to SIV, even though the intensities of both the humoral and the cytotoxic T-lymphocyte responses are low in natural SIV infection (25, 41, 65, 81) . The limited decrease of ␣1 circle numbers in infected mangabeys may reflect a dilution associated with the higher number of proliferating CD8
ϩ T cells, though we cannot rule out a moderate impairment of thymic function. Taken together, these observations suggest that SIV perturbs the mangabey immune system to some extent. SIV induces a functional antiviral immune response in this species, but it does so without triggering an excessive T-cell activation that would impair the immune system in the long term.
The finding of high Ki-67 expression in infected macaques is consistent with previous studies that demonstrated enhanced lymphocyte turnover rates in SIV-infected macaques as measured by BrdU incorporation (57, 69) . Proliferation rates computed from BrdU incorporation are very low in uninfected macaques (0.1%), while they can rise to 3% in animals with a high viral load (57) . The low proliferating fractions found in these studies compared to those obtained by Ki-67 labeling may result from several factors, including incomplete BrdU uptake in proliferating cells (67) and Ki-67 expression in cells that have entered the late G 1 phase of the cells cycle but that
have not yet duplicated their DNA (8, 29) . Measurements made by using BrdU and Ki-67 are consistent in that both demonstrate a mean two-to threefold increase in the T-cell turnover rate of infected macaques (69) . The phenomenon of increased Ki-67 expression is also a hallmark of HIV infection in humans. Sachsensberg et al. reported that the Ki-67 ϩ fractions, which were naturally low in human peripheral CD4 ϩ and CD8 ϩ T cells (mean, 1%), increased to a mean of 4 to 6% in HIV-positive individuals, with values up to 20% in patients with low CD4 ϩ T-cell counts (70) . Using immunohistochemistry, Zhang et al. detected a threefold increase in the fraction of Ki-67 ϩ CD4 ϩ T cells from tonsil biopsies of HIV-infected patients, the proliferation levels returning to normal when the patients received antiretroviral therapy (88) . In one study of HIV-infected subjects in early disease, increased Ki-67 expression was detected only in the CD8 ϩ T-cell subset, which suggests that abnormal proliferation of the CD4 ϩ T cells occurs predominantly in advanced disease (20) . The higher Ki-67 ϩ percentages observed in SIV-positive macaques (12 to 19%) compared to HIV-positive humans (4 to 6%) may account for the more rapid course to disease in monkeys, as SIV infection usually leads to AIDS in 6 months to 3 years in macaques versus a mean progression time of 10 years in untreated HIV-1-infected humans (19) . It is interesting that uninfected macaques exhibit a higher fraction of proliferating T cells than uninfected mangabeys (7 versus 3% of Ki-67 ϩ T cells, P Ͻ 0.001). This observation raises the possibility that monkey species with an intrinsically high lymphocyte turnover are more prone to lentivirus-induced disease. However, humans, who have a spontaneously low T-cell turnover (1% of Ki-67 ϩ T cells), do develop AIDS, while mangabeys do not. This comparison indicates that the intrinsic turnover of T lymphocytes is not the sole determinant of the susceptibility to lentiviral disease.
Other groups have suggested that the T-cell production measured by Ki-67 labeling or by 2 H-glucose incorporation is blocked, rather than increased, in HIV infection (20, 35) . These differences result in part from emphasizing that the absolute number of proliferating CD4 ϩ T cells is reduced in HIV or SIV infection, rather than considering that the percentage of proliferating CD4 ϩ T cells is increased. In our view, high proliferation rates accompanied by low absolute numbers of proliferating CD4 ϩ T cells are indicative of immune exhaustion, i.e., increased T-cell production that fails to compensate for T-cell destruction. The failure of homeostatic mechanisms in maintaining normal CD4 ϩ T-cell numbers would further drive proliferation. Homeostatic regulation is active in mangabeys as well as in macaques, since a negative correlation between the CD4 ϩ T-cell count and the fraction of proliferating CD4 ϩ T cells is observed in both species. However, the compensatory changes in T-cell proliferation for a given CD4 ϩ T-cell decrease are 3.5 times higher in macaques than in mangabeys, which provides further evidence for exacerbated T-cell production in the susceptible species.
Thymic impairment has been proposed as a mechanism contributing to the development of AIDS (16, 54, 73) . To determine whether thymic function differed between the susceptible and the resistant monkey species, we used a recently described technique designed to evaluate the concentration of RTE in peripheral blood (16, 87) . Quantitation of ␣1 circles by realtime PCR indicated that these episomes were present at high concentrations in both monkey species, with values ranging approximately from 5 ϫ 10 5 to 10 3 circles per million PBMC. Thus, ␣1 circles represent major products of TCR ␣ rearrangement in monkeys, as is the case for humans (79) . The numbers of ␣1 circles per million PBMC exhibited an age-dependent decline that had similar kinetics in uninfected mangabeys and macaques. These data suggested that the progressive decrease of thymic output, which parallels the involution of the thymus (42, 43) , occurred at the same rate in the two monkey species. The numbers of ␣1 circles were equivalent or slightly lower in mangabeys than in macaques of the same age group. Thus, mangabeys were not characterized by a particularly high RTE concentration that could have accounted for their resistant phenotype.
The impact of SIV infection on ␣1 circle numbers was detectable but limited. Both macaques and mangabeys showed a decrease inferior or equal to 0.3 log units in cross-sectional analyses (Fig. 7) . Since ␣1 circle numbers were equivalent in the susceptible and the resistant monkey species, this parameter did not appear to correlate with disease progression. However, the longitudinal analysis of ␣1 circle in macaques revealed a marked individual variability (Fig. 8) . Out of six animals, three showed an appreciable decrease of ␣1 circle numbers (1 log unit) following SIVmac infection, while the other three maintained constant ␣1 circle numbers for up to 2 years. Longitudinal follow-up studies of a larger number of animals may be required to assess the predictive value of ␣1 circle concentrations.
Three parameters need to be taken into account to interpret a decrease in ␣1 circle numbers, since these episomes are produced in the thymus, diluted by cell proliferation, and lost by cell death. The decrease of ␣1 circles seen in infected animals can reflect a low thymic output or a dilution of ␣1 circles through T-cell proliferation, or both. The possibility that the decrease reflects a higher death rate in RTE (rich in circles) than in cycling cells (poor in circles) can also be considered, though this is unlikely. The literature indicates that cycling T cells have a shorter half-life and are more susceptible to apoptosis than resting T cells, especially in HIV-infected patients (2, 18, 31, 56, 77) . In view of both the negative correlation between ␣1 circles and proliferation and the active Tcell proliferation characteristic of SIV-positive macaques, most of the ␣1 circle decrease in this species may be accounted for by proliferation.
A major conclusion can be drawn from ␣1 circle data, despite the fact that this parameter does not give a direct measurement of thymic function. The persistence of relatively high levels of ␣1 circles in infected animals indicates that SIV infection does not entirely block thymopoiesis. A loss of thymic function would cause a dramatic decrease of ␣1 circles, since the thymus is most likely the sole source of these episomes. The combined effects of thymic failure and increased proliferation in macaques should lead to an almost complete loss of ␣1 circles in peripheral T cells, which is not observed. Thus, our data are consistent with immune exhaustion through T-cell proliferation, rather than with thymic failure, in AIDS-susceptible species.
The scale of the ␣1 circle decrease in SIV-positive macaques was comparable to that seen in HIV-infected patients (87) . Also similar was the fact that only half of HIV-positive patients monitored longitudinally exhibited an appreciable decline of ␣1 circle numbers following seroconversion (87) . Taken together, these results suggested that HIV and SIV do not dramatically affect thymic function in adult individuals. The fact that the few known cases of thymectomized HIV-positive patients exhibited normal rates of progression to AIDS and did not show a precipitous CD4 ϩ T-cell loss supports the idea that the adult immune system does not rely predominantly on an active thymus (32) . It is noteworthy that lymphoid hyperplasia develops during the early stage of HIV or SIV infection. The fact that there are obviously more, not fewer, T lymphocytes within lymphoid tissues at an early stage does not fit with the block in T-cell production hypothesis. This does not mean that a role for thymic dysfunction should be excluded in late-stage disease. Histopathologic lesions in the thymus of AIDS patients point to some degree of thymic dysfunction (33, 54) , which may result from the emergence of X4 viruses that target thymic progenitors (63) . Also, HIV may significantly impair thymopoiesis in young hosts, as suggested by the more prominent decrease of ␣1 circles in infected children than in adults (87) . Signs similar to those of severe congenital thymic defect have been observed in HIV-infected infants that progress rapidly to disease (46, 59) , suggesting that the mechanism of T-cell depletion is in part thymus dependent in young hosts.
It was intriguing that ␣1 circle numbers were not lower in SIV-infected macaques, considering the extent of peripheral T-cell proliferation in these animals. The downslope reflecting ␣1 circle loss as a function of T-cell proliferation was low in macaques and paradoxically higher in mangabeys (0.04 versus 0.29; Fig. 10 ). In particular, the extremely high proliferating fractions seen in three SIV-positive macaques (30 to 45% of Ki-67 ϩ CD3 ϩ cells; Fig. 10 ) did not lead to very low ␣1 circle numbers in these animals (10 5 to 4 ϫ 10 3 copies/10 6 T cells). These results may be explained by a high death rate of cycling macaque T cells. A higher death rate in cycling cells than in RTE would enrich the T-cell population in RTE and hence artificially increase the concentration of ␣1 circles. Thus, the limited impact of SIV infection on ␣1 circles may point to the rapid death of proliferating T cells.
The normal T-cell turnover observed in infected mangabeys suggests that SIV does not significantly increase the T-cell death rate in this species. It is possible that the virus does not efficiently kill mangabey CD4 ϩ T cells, which has been pro-posed by some but not all studies that evaluated SIV cytopathogenicity for cultured mangabey PBMC (22, 86) . The fact that SIV infection in macaques increases the turnover of CD8 ϩ T cells more than it does that of CD4 ϩ T cells (57, 69) implies that indirect cell killing is a dominant component of the T-cell death rate. Thus, the major difference between natural and pathogenic SIV infection may lie in the amount of indirect cell killing that results from abnormal T-cell activation and apoptosis.
In conclusion, our findings demonstrate that natural SIV infection does not increase the turnover of T lymphocytes in sooty mangabeys, while this process is exacerbated by pathogenic SIV infection in macaques. The concentration of RTE in peripheral blood did not differ markedly between the two species. These findings are compatible with immune exhaustion mediated by increased peripheral proliferation rather than by early thymic failure in AIDS-susceptible species.
